. This study reviews these findings and postulates an overall mechanism for the formation of the colored impurities. Methodology to prevent the formation of the colored impurities rather than actual identification of the impurities, a formidable task, is the major concern of this study.
Efforts to formulate a rational mechanism for the TAGN decomposition process have been hampered by the voluminous evidence collected over many years which, at times, has seemed contradictory and ill conceived. Much effort has been aimed at identifying the many highly colored impurities which are usually only present in small quantities.
However, since these efforts have been unsucessful in identifying any of the colored impurities, it was considered that a better approach was to concentrate on formulating a kinetic scheme from those experimental observations where the presence of colored impurities were minimized or absent.
Intuitive consideration of the possible compounds formed from TAGN which could be highly colored, as well as a knowledge of the chemistry of hydrazine type comnounds (Reference 8) were essential in formulating a reaction scheme. A consideration of possible compounds that can be formed from TAGN suggests that only compounds containing functional groups such as the azo (-N=N-), imino (-C=N), nitro (-NO2), or nitroso (-NO) groups combined in highly conjugated systems would have extremely large extinction coefficients in the visible absorption spectral range. While the nitro or nitroso groups would undoubtedly arise from the nitrate moiety, the azo or imino groups can only arise from the oxidation of the hydrazine (-NH-NH 2 ) moiety. The only common oxidant in the various studies previously reported (References 1 through 6) to give colored impurities is atmospheric oxygen. In view of the powerful reducing nature of hydrazino type compounds, this postulate seems entirely plausible.
Some speculative reaction processes which could give rise to intensely colored compounds are given in Figure 1 . The major pathways to the formation of highly conjugated compounds containing the azo or imino type linkages involve oxidation by atmospheric oxygen. Secondary reactions such as those illustrated in Scheme 1, could involve nitric or nitrous acid reactions if these species were present. It is also apparent that, in view of the number of possible compounds containing more than one hydrazino group, an extremely complex mechanistic scheme involving competing parallel reactions could occur for any one compound containing the hydrazino moiety. The colors rapidly reappear when the 1AG is again exposed to i r.
In water, TAG is known to hydrolyze to diaminourea (DA) , a white compound, and hydrazine (References 3 and 5).
A probable mechanism for the aerial induced color changes oc TAG is given as Scheme 3 in Figure 1 . Oxidation by atmospheric oxygen gives the azo compound, which would be intensely colored, plus water as a by-product. Further reaction of the azo compound with the water would then give DA and hydrazine, a process which does not require further oxygen to go to completion. The dia:o compound could undergo further oxidation to tetrazole or triazole type compounds thereby inducing further color changes. Such a mechanism would explain the observed color changes of free TAG.
In view of the known aerial sensitivity of TAG, it seems highly likely that the observed color changes noted for TAGN occur via the free base, TAG.
It is known that TAGN can be converted to its free base, TAG, by bases, strongly anionic ion-exchange resins (Amberlite While the above reaction scheme was deduced from observations of color formation in solution, the scheme also explains various observations of color changes in TAGN crystals when heated in drying ovens.
These aspects will be covered later in the text. The aerial oxidation of TAG can apparently occur via independent pathways. The postulate that two oxidation pathways exists is based upon the observation that color formation can still occur in pure distilled, deionized water solutions of TAGN. However, this reaction is far slower than the rate of color formation which occurs in the * The chemistry of TAGN and TAG would be expected to be similar to the chemistry of hydrazine, the parent compound. TAGN and TAG may be considered as monosubstituted hydrazines (RNFHNH2-, where R=(H2NHN)2 C+ -for TAGN, and R=(H 2 NHN)C(=NNH 2 ) for TAG). While the R group for TAG would behave electronically as a substituted alkyl group, the R group for TAGN is an integral part of a cationic conjugated network (Reference 9). As the proportion of free TAG in dilute aqueous acid should be extremely low, the rate of aerial oxidation in the presence of transition metal ions must be extremely rapid. As previously noted, pure TAGN in aqueous acid solution (pH s 1) does not show any color formation over many months.
As a large number of the transition metal ions in high oxidation states have high oxidation potentials (greater than that of oxygen, E =0.68 volt), it will be mainly the transition metal ions which will catalyse the aerial oxidation process rather than the main group metal ions.
A more detailed version of the mechanistic scheme in Figure 2 can be written to accommodate the likely oxidation reactions Another factor which will influence the "purity" of crystalline TAGN is the amount of base occluded in the crystals. It is well established that high Taliani gas generation rates in crystalline TAGN can be traced to occluded solvent (References 5 and 6). It is also observed that repeated recrystallizations will lower the p1l of a saturated solution of TAGN, often from a pH value greater than 7 to a value less than 7 (Reference 6), usually averaging a value of ca. 5.5. Thus, the entrained liquid in the TAGN crystals is often basic (the pH of the synthesis medium is always basic). It is also apparent that industrial grade isopropanol stored in metal containers contains significant quantities of metal ions, es- (c) recrystallization from water can improve the final propellant as adjudged from less scatter in the strand burning rate data; however, this is not always so;
(d) grinding the TAGN in isopropanol in a SWECO mill which has a metal lid; both solvent and the SWECO could lead to metal ion contamination; ethyl acetate, freon, hexane have also been used as grinding diluents, however, the propellant was still tan colored;
(e) drying the ground TAGN at 60 0 C in a forced air oven (in a high humidity atmosphere) can lead to lumps and agglomerates of crystals; heating the TAGN in metal contaminated solvent may speed up aerial oxidation; a vacuum oven has been used to dry the TAGN, and the final propellant was cream colored; (f) the propellant is often white when extruded but rapidly turns tan colored when dried at 60 0 C in a forced air oven; heat facilitated aerial oxidation in the damp propellant can turn the propellant tan colored (or other colors) or produce purplish black spots or purplish black voids; the procedure used to dry burning rate strands at Eglin (and elsewhere) may exacerbate the heat facilitated aerial oxidation of TAGN in the propellant, since a slow controlled evaporation of solvent is required to produce straight uniform strands; it is expected that the drying of propellant grains will be far more rapid (due to increased surface area), hence reducing the possibility of heat assisted oxidation of TAGN in the residual processing solvent; however, predominantly white grains with dark brown spots and tan colored grains have been observed for TAGN containing gun propellants (References 14 and 15). (a) that grinding neutral TAGN in a SIVECO mill results in a propellant whose Taliani value has significantly increased from 21 mm (for unground neutral TAGN containing propellant) to 109 mm;
(b) however, that ground neutral TAGN (from the laboratory hall mill) results in a propellant whose Taliani value has increased from 21 mm (for unground neutral TAGN containing propellant) to 78 mm; this result indicates a significant destabilizing effect when neutral TAGN is ground in a stainless steel mill compared to when the TAGN is ground in a porcelain mill; (c) a dramatic increase in the Taliani value for propellant made from basic TAGN ground in a SWECO mill (irom a value of 33 mm for the unground basic TAGN to 2o4 mm when the TAGN is ground in a stainless steel mill); this large increase in the instability of propellant containing basic TAGN ground in metal containing apparatus is further evidence of the incompatibility of TAGN, metal ions and base.
It should be noted that unground TAGN has been shown to contain Propellant manufactured from "impure" TAGN may contain varying degrees of porosity, from microporosity which would be manifested in a "fast" burning propellant or colored macroscopic voids as observed in some burning rate strands manufactured at Eglin. Propellant grains prepared to a standard formulation is generally fast when manufactured from "impure" TAGN, indicating the presence of microporosity (Reference 16). Figure 4 shows the strand burning data of four propellants (GP 172, GP 200, GP 218 and GP 219) made to the same standard formulation (as described above) from the same batch of TAGN (lot 74) (Reference 14) .
The TAGN, as received, consisted of white crystals in a brown solution of isopropanol. Propellant GP 172 was manufactured from ground TAGN which had been washed with isopropanol. Figure 4 ) and non-acceptable erratic buring rate data (2.7.1 in Figure 5 ).
Similarly, propellant (containing NC, 20 percent; IDP, 4.8 percent; TAGN, 45.0 percent; IIMX, 29.8 percent; K2So 4 , 0.2 percent and Resorcinol, 0.2 percent) manufactured at ABL and subjected to long term storage at 400 and 50 0 C also showed some erratic burning rate data which may be attributed to microporosity (Figure 6 ).
Further evidence of a TAGN induced incompatibility in propellant comes from the studies of Hartman et al (Reference 6) who noted that propellant made from colored TAGN became more acidic than propellant made from uncolored TAGN when undergoing accelerated aging at 70 0 C. As noted in Section II, solvent moist metal contaminated TAGN when 0 heated at 60 C in a forced air oven was shown to turn pink then blue and give off acid fumes. It can be anticipated that propellant containing contaminated TAGN would become progressively more acidic when stored in hot, humid climates.
Reynolds and Gray (Reference 4) noted that propellants made from TAGN produced by the batch process (in glass lined equipment) consistently gave higher absolute and bulk densities than propellant made from TAGN produced by a continuous process (in stainless steel equipment). The latter propellants also consistently displayed faster burning rates than the former propellants. The density and burning rate data are consistent with microporosity in the propellants made from TAGN produced by the continuous process. Presumably the metal contaminated TAGN microporosity in the propellant is a result of some process related to heat assisted aerial oxidation of the TAGN. 
